The rodent somatosensory cortex, representing mystacial vibrissae (large whiskers) of the snout, offers an exquisite system to study the effects of sensory stimulation on neocortical structure and function. Sensory input produced by deflection of the whiskers is conveyed via thalamus to layer IV of SmI, which contains discrete clusters of closely packed cells, termed barrels. There is one-to-one correspondence between each barrel and vibrissa. Each whisker in turn excites an entire cortical column. The whisker-to-barrel system is lateralized, so that the somatosensory cortex on one side represents vibrissae on the contralateral side of the snout. Removal of the whisker(s) in adults results in time-dependent modification of behavior, accompanied by neuronal alterations, and evokes plastic changes in cortical neurons (Kossut 1992; Diamond et al. 1993; ArmstrongJames et al. 1994) . The part of the barrel field containing the large barrels and representing the vibrissae of the mystacial pad has been named posteromedial barrel subfield (PMBSF; Woolsey and Van der Loos 1970) .
Treatment of rats with apomorphine, a dopamine receptor agonist enhancing motor activity, results in the accumulation of c-fos and zif268 (the two best studied immediate early genes) mRNA in various brain regions including somatosensory cortex (Steiner and Gerfen 1994) . This effect was apparently input specific, because clipping of the whiskers prevented the increase in the corresponding PMBSF. Furthermore, Melzer and Steiner (1997) showed that the expression of both genes was restricted largely to the radial columns across the barrels representing the stimulated whiskers, with the magnitude of expression being proportional to the intensity of stimulation. Previously, Mack and Mack (1992) achieved unilateral cortical elevation of c-Fos and Zif268 protein expression by selective mechanical stimulation of the whiskers on one side of the snout under anesthesia. All of these studies imply that sensory input is critical for c-fos and zif268 activation in the barrel cortex, similar to the visual cortex (Kaczmarek and Chaudhuri 1997) .
These findings are important for two major reasons: (1) It is now well established that prolonged alteration of sensory stimulation initiates neuronal plasticity, i.e., a set of anatomical and physiological changes in the central nervous system that leads ultimately to the brain's ability to effectively adapt to the modified stimulus even in adulthood (for reviews, see Garraghty and Kaas 1992; Merzenich and Sameshima 1993; Daw 1994; O'Leary et al. 1994; Rauschecker 1995) ; (2) c-Fos and Zif268 are transcription factor proteins whose changes in gene expression are widely believed to underlay neuronal plasticity. Sensory stimulation also produces up-regulation of brain-derived neurotrophic factor (BDNF) mRNA expression in barrel cortex (Rocamora et al. 1996) but has no effect on nerve growth factor (NGF) and tyrosine hydroxylase mRNA levels (Schwarting et al. 1994) .
At present, experimental models of vibrissae stimulation described in the literature require immobilization and pain (Jablonska et al. 1996; Lukasiuk et al. 1999) , anesthesia (Mack and Mack 1992) , other artificial situations like a Lausanne stimulator (an electromagnetic coil with magnetic field bursts moving metal pieces glued to whiskers, Welker 1964; Welker et al. 1989) , or introduction of animals into a very elaborate environment (Montero 1997 ). We have developed simpler experimental systems to investigate the effects of tactile stimulation of vibrissae on gene expression. To further characterize the cells expressing c-Fos, we analyzed the expression pattern of a calcium-binding protein, parvalbumin, which is used to mark inhibitory interneurons (Celio 1986; Ren et al. 1992; Kubota and Jones 1993; Hiscock et al. 1996) . Parvalbumin expression has been observed to be enriched in cortical regions of high cellular activity, such as those marked by elevated expression of cytochrome oxidase (Wong-Riley 1989; Seto-Ohshima 1994) . These areas also show increases in c-Fos expression in response to sensory signal-driven neuronal stimulation ).
RESULTS
The results described below are based on two experiments involving various means of vibrissae stimulation as outlined in Figures 1  and 2 . See also Materials and Methods for details.
Experiment 1

Behavior
The rats adjusted quickly to sitting on the top of the cylinder, refrained from jumping, and even slept during the habituation period. On the experimental day, during brushing, rats were active and whisking with all vibrissae on both sides of the snout. Even with these experimental manipulations, the rats remained on the platform.
Immunocytochemistry
There was an increase in c-Fos expression in the PMBSF area corresponding to the brushed vibrissae (Fig. 3 ). This effect Figure 1 Design of experiment 1, in which rats that were pretrained to sit on the top of a copper cylinder had their vibrissae manually brushed on one side of the snout for 20 min. The animals were then transferred back to their home cage for 2 hr and perfused for immunocytochemistry.
Figure 2
Design of experiment 2, in which rats were exposed to a new environment (the wired cage). After 20 min in a new cage the experimental animals were transferred back to their home cage for 2 hr. The experimental and naive rats were then perfused for immunocytochemistry. 
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was most pronounced in layer IV (4.6-fold increase, 434.7 ± 25.0 vs. 95.2 ± 21.7), as well as in layers II/III (4.1-fold increase, 117.4 ± 21.6 vs. 28.6 ± 5.6) and V/VI (2.5-fold increase, 376 ± 48.5 vs. 148.2 ± 23.8) with significant upregulation in all these layers (P < 0.01). No effect of the stimulation on c-Fos expression was observed in layer VIb, 1.2-fold increase, 15.3 ± 1.4 vs. 12.4 ± 2.7, P = 0.36 (Fig. 4) . Counterstaining of the c-Fos immunostained sections with antibodies directed specifically against a calcium-binding protein, parvalbumin, revealed that the vast majority (i.e., >90%) of cells containing c-Fos in the PMBSF after stimulation did not show expression of parvalbumin. However, cells containing both c-Fos and parvalbumin were observed occasionally in all layers investigated (Fig. 5) .
Experiment 2
Behavior To avoid any unnecessary stimulation, the exposure to the novel, wired cage was carried out in a dark, soundproof room. In preliminary experiments (in an illuminated environment), it was verified that exposure to such a cage caused an active exploratory behavior in the animals, involving intense sniffing and whisking.
Immunocytochemistry
Little c-Fos expression was observed in control animals. An induction of c-Fos immunolabeling was observed following exposure of the rats to a new environment in the PMBSF area (Fig. 6 ). Figure 7 shows that c-Fos activation was strongest in layer IV (6.4-fold increase, 85.5 ± 26.2 vs. 13.3 ± 3.8), as well as layers II/III (3.5-fold increase, 44.15 ± 11.4 vs. 12.46 ± 2.1) and V/VI (5.0-fold increase, 101.9 ± 23.1 vs. 20.4 ± 4.9). One-way ANOVAs applied Figure 4 Vibrissae brushing caused significant increase in c-Fos expression in the layers of the PMBSF (experiment 1). The results of immunocytochemistry were quantified in all layers on both control (n = 4, solid bars) and stimulated (n = 4, hatched bars) sides of the cortex (see Materials and Methods). Data are means and S.E.M. Statistically significant differences are marked with asterisks (**) for P < 0.01 and (***) for P < 0.001. According to one-way ANOVA analysis, these differences were most pronounced in layers IV 
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separately for each layer showed significant differences between control and experimental animals in layers II/III, IV, and V/VI (P < 0.05). Similarly, as in the previous experimental situation, the elevation of c-Fos expression was not significant in layer VIb (1.6-fold increase, 4.2 ± 0.6 vs. 2.7 ± 0.3, P = 0.06).
DISCUSSION
This study presents two novel approaches to produce whisker stimulation-responsive changes in gene expression in the barrel cortex. We have focused on c-Fos, a transcription factor protein, as a prototypical marker for gene expression. Both of these approaches, mechanical whisker stimulation and exposure to a new environment, differ from those described previously. Notably, the previous experimental systems involved anesthesia (Mack and Mack 1992) , artificial mode of stimulation (Welker 1964; Welker et al. 1989) , or rather complicated experimental setup (Montero 1997) . Our experience shows that it is not just the presence of new objects, but their nature (especially the presence of holes between bars) that elicits whisker-dependent c-Fos expression (R. Filipkowski and L. Kaczmarek, unpubl.) . This is in accordance with the findings of Lipp and Van der Loos (1991) who observed that mice appear to use their whiskers for detecting openings in their surroundings rather than for texture discrimination. In the case of the new environment, a natural tendency of rats is to explore (Eilam and Golani 1989) and this tendency was used in combination with a novelty element (completely new cage). The increase of c-fos expression after exposure to a new cage was also shown before in chicks (Anokhin et al. 1991) .
Immunocytochemistry provides good spatial resolution. We have used the power of this approach to investigate laminar cortical distribution of c-Fos activation in detail. In both experiments, the highest induction of c-Fos was observed in the thalamorecipient layer IV, and slightly lesser c-Fos expression was observed in layers II/III and V/VI. All of these layers process sensory information (Waite and Tracey 1995) . On the other hand, no changes were observed in sublayer VIb. This latter region is known for its specific role during the early phases of cortical development. Cells in layer VIb are among the first to differentiate. They show specific patterns of gene expression during development and throughout the adulthood (Valverde et al. 1989; Gaspar et al. 1995) . Notably, expression of c-Fos as well as delayed/extended expression of Fras has been observed in subplate neurons between P1 and P15 (Alcantara and Greenough 1993) .
It would be very difficult to directly compare the numerical results between experiments 1 and 2 for technical reasons as well as the inability to quantitate the amount of stimulation applied in each case. However, we noted that there was little difference in the overall levels of increases in c-Fos protein in any layer, with layer IV being the most responsive.
Exposure to a novel environment is an important model of plastic changes in the brain. This is especially true in the cortex, where major changes were documented in thickness and weight of the cortex; the size of neurons, their nuclei, cell bodies, synapses, dendritic branches, density of axons, dendrites, and synapses; glial cells; and blood vessels. Most of these results were obtained following long (usually 30-90 days) exposure to specific conditions (Rosenzweig 1996; Rosenzweig and Bennett 1996; Kolb and Whishaw 1998) , although some of the aforementioned changes were seen after only 4 days (Wallace et al. 1992) . In this study we show that even a very brief exposure of ani- Figure 6 Immunocytochemistry showing an increase in c-Fos expression in the PMBSF after placing rats in a new environment (experiment 2). Shown are both left and right PMBSFs of two rats: The control (naive) rat (top panels) and the experimental rat (bottom panels). Pictures of cytochrome oxidase staining of neighboring sections are included. Calibration, 0.5 mm.
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www.learnmem.org mals to a new environment results in an activation of expression of a protein forming transcription factor, thus suggesting a trigger of long-term neuronal changes (Kaczmarek 1993) . We have observed that only some of the PMBSF neurons show elevated c-Fos expression after mechanical stimulation of vibrissae. Similar findings have been presented by Melzer and Steiner (1997) who showed that not all of the barrel cortex neurons exhibit high level of c-fos mRNA expression after stimulation in a Lausanne apparatus. We have extended this observation to show that the majority of cells expressing c-Fos after mechanical stimulation turned out to be parvalbumin-negative. Parvalbumin has often been taken as a marker of certain inhibitory interneurons (Celio 1986; Ren et al. 1992; Kubota and Jones 1993; Hiscock et al. 1996) . This finding is in agreement with the results obtained by Chaudhuri et al. (1995) who showed that the information-dependent expression of Zif268 in the cortex of monkeys was restricted to excitatory neurons lacking parvalbumin. Therefore, it remains to be clarified in further studies why excitatory neocortical neurons display increased c-Fos expression, while the large, fast-spiking, nonspiny interneurons on layer IV do not show this increase.
In conclusion, two new models of whisker stimulation are presented. They lead to the induction of c-Fos protein expression in the rat barrel cortex. This expression is observed in layers of the cortex known to receive and convey sensory stimulation, and in cells that are, presumably, excitatory neurons.
MATERIALS AND METHODS
Subjects
Results presented in this paper are based on material collected from a total of 19 adult Wistar male rats obtained from Nencki Institute Animal House. The animals were kept under natural light/dark cycle in Plexiglas cages (60 × 45 × 25 cm) with the cover made of 3-mm-thick iron wires, 1.5 cm spaced, with water and food provided ad libitum. To minimize animal suffering, the rules established by the Ethical Committee on Animal Research of Nencki Institute, based on disposition of the President of Polish Republic, were followed strictly in all experiments.
Experiment 1
To habituate nonspecific responses, four rats were placed on the top of a copper cylinder (50 cm high, 8 cm diam.) for 20 min each day for 20 days. If the rats jumped off, they were gently placed back on the top of the cylinder. On the experimental day, the rats were placed on the top of the cylinder and their whiskers were stimulated for 20 min (Fig.  1) . Large whiskers were stimulated on either the left (two animals) or the right (two animals) side of the snout with three objects (a brush, a piece of Styrofoam with holes, and a piece of plastic). Two hours after the end of the brushing, the rat brains were processed for immunocytochemistry.
Experiment 2
The rats were divided into two groups. Experimental animals (eight rats) were put into a new (50 × 40 × 40 cm) cage made entirely of 1.5-mm-thick iron wires, 1 cm spaced, (Fig. 2) for 20 min. No manipulations were performed on the naive animals that served as controls (seven rats), and they were housed side by side with the experimental animals. Two hours after exposure to the new cage, the brains of experimental animals along with those of controls, were processed for immunocytochemistry.
Histology
All rats were anesthetized with chloral hydrate, perfused immediately with saline, followed by 4% paraformaldehyde in 0.1 M phosphate buffer (pH 7.4). The brains were removed and stored for 24 hr in the same fixative at 4°C and then transferred to 30% sucrose with sodium azide at 4°C until needed. The appropriate parts of the brain were slowly and gradually frozen in a heptane/dry ice bath. Coronal brain cryostat sections were cut at −20°C, 45 µm thick, 2.3-3.3 mm caudal to bregma (Paxinos and Watson 1986) .
Nissl Staining
The sections were mounted on slides and air-dried (2-4 days), washed in PBS, followed by 70%, 100%, 70% ethanol Filipkowski et al. 
Cytochrome Oxidase Staining
The sections were washed twice in PBS and incubated in staining solution (1% sucrose, 0.05% nickel sulfate, 0.025% DAB, 0.015% cytochrome c, 0.01% catalase, 2.5 µM, imidazole in 0.05 M phosphate buffer at pH 7.4) for several hours at 37°C. The stained sections were again washed in PBS, mounted on slides, and air-dried (2-4 days). The slides were then washed in PBS, dehydrated, and mounted as described above.
Immunocytochemistry
The expression of c-Fos was assessed as described by Kaminska et al. (1996) . Briefly, the sections were washed three times in PBS (pH 7.4), incubated for 10 min in 0.3% H 2 O 2 in PBS, washed twice in PBS, and incubated with polyclonal antibody (anti-c-Fos, 1:1000, Santa Cruz) for 48 hr at 4°C in PBS with sodium azide (0.01%) and normal goat serum (NGS, 3%). The sections were then washed three times in PBS with Triton X-100 (0.3%, Sigma), incubated with goat anti-rabbit biotinylated secondary antibody (1:1000, Vector) in PBS/Triton and NGS (3%) for 2 hr, washed three times in PBS/Triton, incubated with avidinbiotin complex (1:1000 in PBS/Triton, Vector) for 1 hr and washed three times in PBS. The immunostaining reaction was developed using the glucose oxidase/DAB/nickel method (Shu et al. 1988) . The sections were incubated in PBS with DAB (0.05%), glucose (0.2%), ammonium chloride (0.04%), and ammonium nickel sulfate (0.1%) (all from Sigma) for 5 min; then 10% (vol/vol) glucose oxidase (Sigma, 10 U/ml in H 2 O) was added. The staining reaction was stopped by two to three washes with PBS. The sections were mounted on gelatin-covered slides, air-dried, dehydrated in ethanol solutions and xylene, and embedded in Entellan (Merck). Some sections, after the last wash in PBS, were incubated for 2 hr in NGS (5%). For immunohistochemical detection of parvalbumin, monoclonal mouse antiserum (Sigma, 1:1000) was used. Following 3 days incubation with primary antibody (4°C), sections were washed in PBS and incubated in Cy3-conjugated goat anti-mouse secondary antibody (Jackson, 1:500). Primary and secondary antibodies were diluted in PBS containing 0.1% Triton X-100 and 1% normal goat serum. These sections were evaluated using the fluorescent microscope with appropriate filter set. Controls, in which primary antibody was replaced by 10% NGS, were negative.
Data Analysis
c-Fos-stained nuclei were counted in both hemispheres in the middle part of the PMBSF (1 cm wide), the region known to receive input from the mystacial vibrissae, using an image analysis system (MCID, IMAGING Research, Inc.) . The number of c-Fos-stained nuclei in PMBSF areas were evaluated in cortical layers II/III, IV, V/VI (without the subplate), and VIb (layer VII, subplate, deep layer VI bordering the white matter). The position of the regions and layers was determined by Nissl and cytochrome oxidase staining. The nuclei were counted with the researcher being blind to the treatment. Averages from two to four slices per animal were used for statistical analysis. In both experiments, separate one-way ANOVAs were applied for each layer of PMBSF. Values in the text and figures are expressed as mean ±S.E.M. In the case of double-stained slices, the number of cells containing c-Fos, parvalbumin, or both proteins was estimated from four to five eye fields from all layers of rat PMBSF cortex after mechanical stimulation of vibrissae, under fluorescent microscope (magnification, 600×).
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